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PermafrostClimatic changes can profoundly alter hydrological conditions in river basins. Lake Baikal is the deepest
and largest freshwater reservoir on Earth, and has a unique ecosystem with numerous endemic animal
and plant species. We here identify long-term historical (1938–2009) and projected future hydro-climatic
trends in the Selenga River Basin, which is the largest sub-basin (>60% inﬂow) of Lake Baikal. Our analysis
is based on long-term river monitoring and historical hydro-climatic observation data, as well as ensem-
ble mean and 22 individual model results of the Coupled Model Intercomparison Project, Phase 5
(CMIP5). Study of the latter considers a historical period (from 1961) and projections for 2010–2039
and 2070–2099. Observations show almost twice as fast warming as the global average during the period
1938–2009. Decreased intra-annual variability of river discharge over this period indicates basin-scale
permafrost degradation. CMIP5 ensemble projections show further future warming, implying continued
permafrost thaw. Modelling of runoff change, however, is highly uncertain, with many models (64%) and
their ensemble mean failing to reproduce historical behaviour, and with indicated future increase being
small relative to the large differences among individual model results.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Global climate change can alter the terrestrial water cycle
through changed magnitude, and spatial and temporal distribution
of precipitation (deﬁned as any form of water, such as rain or snow,
that falls to the earth’s surface; P), evaporation and evapotranspi-
ration (deﬁned as the sum of evaporation and transpiration from
plants transferred from the earth’s surface to the atmosphere;
ET). For example, the frequencies of drought and ﬂood may then
change, and as temperatures change, the timing of melting and
freezing events can change in response (Huntington, 2006;
Asokan et al., 2010; Jarsjö et al., 2012; IPCC, 2013). In order to plan
for sustainable water use that does not endanger society’s water
security or downstream ecosystems under changing climate
conditions it is essential to assess both historical and future
hydro-climatic changes (Varis et al., 2004; Destouni et al., 2013).
Generally, global warming has been observed to be particularly
signiﬁcant in the arctic and subarctic regions (Serreze et al., 2000),
where thawing permafrost may also alter hydrologic conditions
(Smith et al., 2007; Frampton et al., 2011; Karlsson et al., 2012).
Hydro-climatic changes in these areas can also lead to ecosystemregime shifts related to, e.g., vegetation cover and thermokarst lake
conditions (Karlsson et al., 2011; Poulter et al., 2013).
The drainage basin of the deepest and largest freshwater reser-
voir on Earth, Lake Baikal of southern Siberia (Russia), is situated in
a subarctic climate zone (Brunello et al., 2006), and is almost
entirely underlain of permafrost (Brown et al., 1997). Lake Baikal
and its surroundings have been declared an UNESCO World Heri-
tage Site due to their unique ecosystems with numerous endemic
animal and plant species (UNESCO, 1996). Despite its large volume,
the lake has already been impacted by the changing climate in
terms of a prolonged ice-free season and higher water tempera-
tures (Magnuson et al., 2000; Hampton et al., 2008). The overall
warming of Lake Baikal has also had implications for its ecosystem
(Hampton et al., 2008; Moore et al., 2009). Potential permafrost
thaw in the lake’s drainage basin may further change hydrological
and ecosystem conditions, but the long-term hydro-climatic
changes and their possible interactions with permafrost thaw have
not been well investigated, even in the largest sub-basin, the
Selenga River Basin.
In addition to climate-related changes, the Selenga River Basin
is considered to be one of the most impacted areas with regard
to heavy metal loads in the world (Thorslund et al., 2012). Mining
is a major source of water contamination, and despite a rapidly
developing economy of the region, relatively few measures have
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Thus, signiﬁcant amounts of heavy metals are released to the
Selenga River system. They are prone to accumulate in and be
transported with river sediment loads due to the basin’s alkaline
conditions (Brunello et al., 2006). The lower pH conditions in Lake
Baikal imply that heavy metal transported in the metal-rich sedi-
ment loads can be dissolved in lake water (Chalov et al., 2014).
Changed hydro-climatic conditions in the basin may lead to
changes also in the loading patterns of industrial pollution and
other substances, such as nutrients, into the Lake Baikal with addi-
tional change implications for its ecosystem (Moore et al., 2009).
For instance, increased nutrient loading coupled with changed cli-
matic conditions can cause profound impacts on large freshwater
systems through algal bloom (Michalak et al., 2013).
Even though important, understanding and predicting impacts
of global climate change on hydrological basins is scientiﬁcally
challenging, due to issues of scale, spatio-temporal variability
and process complexity (Bring and Destouni, 2011; Jarsjö et al.,
2012; Teutschbein and Seibert, 2012; Trenberth and Asrar, 2012;
Stevens and Bony, 2013). The Coupled Model Intercomparison Pro-
ject, Phase 5 (CMIP5) allows for comparing and synthesising exten-
sive hydro-climatic outputs from different Global Climate Models
(GCMs), and has provided an essential basis for the compilation
of the 5th IPCC report (Taylor et al., 2012; IPCC, 2013). Even though
models have been developed from previous model generations,
e.g., CMIP3 (Taylor et al., 2012), model uncertainties may still
remain in individual and multi-model outputs of CMIP5 and may
be particularly evident for hydro-climatic changes (Bring and
Destouni, 2011, 2013, 2014).
In order to bridge current gaps in hydro-climatic change assess-
ment for the major Selenga River Basin of Lake Baikal, we here
investigate long-term historical and projected future conditions
in this basin, with the main objectives to: (i) identify historical
hydro-climatic trends and their possible causes, (ii) assess to which
extent CMIP5 models can reproduce observed trends, and (iii)
assess to which extent projected trends of CMIP5 models are con-
sistent among different models and how they link to observed
trends so far. We consider a historical period of 72-years (1938–
2009) for which there are detailed discharge (Q) data. We expect
changes in climate and in the landscape, such as permafrost thaw,
to have relatively clear and detectable impacts on the system’s
hydrology and thereby on Q, as hydro-engineered structures that
could distort these change impacts are generally absent in the
basin. We furthermore assess and evaluate the performance of
multi-model ensemble means and 22 individual model outputs
of the CMIP5, considering their comparison with actual observa-
tion data and their projections for a near future period (2010–
2039) and a more distant future period (2070–2099).
2. Method
2.1. Study site
Lake Baikal is the oldest (about 25 million years old) and deep-
est (1,637 m) freshwater lake in the world. It is inhabited by over
1500 endemic species and it stores about 20% of world’s unfrozen
fresh water (Brunello et al., 2006). Over 60% of the annual water
inﬂow to Lake Baikal comes from its major tributary, the Selenga
River. The river is about 943 km long and its basin area comprises
about 80% of the total Lake Baikal drainage basin (Fig. 1). A large
part of the Selenga River Basin has mountainous topography.
Approximately 63% of the basin area of 477,000 km2 is located in
Mongolia, including the upstream part of the basin, which is dom-
inated by an extensive grassland steppe. The downstream part is
located in Southern Siberia, Russia (Mun et al., 2008) and is mainly
covered by forest. The Selenga River Delta at the Lake Baikal outletis the world’s largest continental delta estuary (Logachev, 2003;
Chalov et al., 2014).
The climate of the Selenga River Basin is extremely continental.
The winters are long, dry and cold with average monthly surface
air temperature (T) of January reaching 23.5 C. Summers are
short and relatively warm with monthly average T of July being
16.9 C. There is a summer peak in Pwith about 50% of the P occurs
in July and August (CRU TS3.10/CRU TS3.10.01 climate data; Harris
et al., 2014). Due to harsh climate conditions the entire Selenga
River Basin is underlined by mountain and arid-land permafrost.
The permafrost extent varies from isolated patches in the central
part of the basin (most of the Orkhon river basin and the down-
stream reach of the Selenga River), to continuous permafrost in
the eastern and especially the western, mountainous parts of the
basin (dark purple colours in Fig. 1; Brown et al., 1997). In most
cases the permafrost temperature in the basin is close to 0 C.
Hence, the permafrost is thermally unstable and vulnerable to
changing climate conditions and adverse human activities (Zhao
et al., 2010).
2.2. Data and hydro-climatic assessment
We use area-averaged monthly data of T and P for the period
1938–2009 from the CRU TS3.10/CRU TS3.10.01 datasets (Harris
et al., 2014). The area was determined from the extent of the
Selenga River Basin, as delineated by estimating topography-
controlled ﬂow network based on digital elevation data (STRM;
Farr et al., 2007). The CRU dataset is widely used and cited in
large-scale climate investigations (Harris et al., 2014), and aims
at a best-possible reproduction of the spatial pattern of T and P
for each point in time, at 0.5  0.5 degree resolution. Although P
may be highly variable on the scale of and within individual cells,
and on short time periods, we consider the CRU dataset well suited
to our application of estimating multi-annual changes over the rel-
atively large region of the Selenga basin. We acknowledge, how-
ever, that values for some cells and some short periods may be
more uncertain. This reasoning is supported by results from paral-
lel research (Kamiguchi et al., 2010), which for instance has shown
that when the number of P stations were greatly increased (from
about 60 to 1300 over the area of Japan), it could have large inﬂu-
ence on the representation of extreme events. However, the repre-
sentation of longer time periods such as those considered in the
present study was practically unaffected by the changed number
of stations (Kamiguchi et al., 2010). For the Central Asian region,
at least 80% of cells either have at least one station within the cell,
or a station closer than the correlation decay distance (Harris et al.,
2014: their Fig. 4). For the period 1950–1990, this ﬁgure is over
90%. More speciﬁcally, Fig. S1 of the Supplementary Information
shows the locations of the approximately 40 T and P measurement
stations that have been in use since at least the 1960s within and in
the vicinity of the Selenga River Basin. The stations are spatially
well distributed and cover an elevation range between 466 and
2117 meters, which practically the whole river basin is located
within, with the exception of a few mountains in the relatively
dry south-west part of the basin. These stations are hence likely
to cover a near-full range of the different hydro-climatic conditions
that exist within the basin.
Monitoring errors in P in mid and high latitude regions may be
present due to undercatch of snow (Adam and Lettenmaier, 2003)
and orographic effects due to underrepresentation of gauges at
high elevations (Adam et al., 2006). Recognising the potential
impact of these errors in the P dataset, we apply (i) a correction
factor for undercatch and (ii) a combined correction factor for both
undercatch and orographic effects on the P data. We evaluate the
impact of these two alternative ways of data correction on
presented results and conclusions. However, in order to keep
Fig. 1. The Lake Baikal drainage basin (dotted red line) and Selenga River Basin (solid red line) where purple colours indicate permafrost extent (Brown et al., 1997). Mostovoy
gauging station is marked with a red dot. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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possible in the results presentation, we present full details only
for the results of the method that gave the closest match between
observation and CMIP5 multi-model ensemble mean.
Daily Q data for the gauging station Mostovoy (see Fig. 1 for
location) for the period 1938–2009 was compiled from the Hydro-
meteorological Centre of Russia as part of a collaborative project
(see Chalov et al., 2014). Analysis of intra-annual changes of Q with
time was performed by considering daily Q over multiple years,
and the minimum and maximum daily Q for each year. Average
runoff (R) from the river basin (in mm/year) was calculated as
average Q divided by the river basin area. The commonly used
method of employing T as a proxy for ET has been shown to be less
accurate than surface energy budget methods (Lofgren et al., 2013).
However, surface energy budget methods require much more data
input, which may not be available in sparsely populated river
basins (Lofgren et al., 2013). In this study, we overcome this
difﬁculty by estimating ET by closing the water balance, i.e., as
ET = P–R–DS, assuming the long-term average change in water
storage (DS) to be close to zero. For T, P, ET, and R, long-term tem-
poral patterns were analysed by calculating annual mean and sea-
sonal mean values (deﬁning winter as December, January and
February, spring as March, April and May, summer as June, July
and August, and autumn as September, October and November).
Although processes such as decay of permafrost may interfere
with the assumption of long-term zero water balance, we expect
the inﬂuence of these effects to be small. For instance,
McClelland et al. (2004) concluded that attributing an observed
increase in pan-Arctic discharge to thawing permafrost would
require unreasonable volumes of melted ice. Furthermore, theprincipal effect of thawing permafrost on hydrology is most likely
not through major changes in water balance over large regions, but
instead on changed ﬂow pathways and the timing of R (e.g.,
Frampton et al., 2011).
CMIP5 data were synthesized (Taylor et al., 2012). In particular,
models with data on T, P, ET (termed evaporation in CMIP5 data-
sets) and R were selected and, since not all models provided multi-
ple realizations, we chose to use only one member per model (to
avoid model bias). The preferred choice was r1i1p1, where r is real-
ization, i is initialization and p is perturbation. The NorESM1-M
model was excluded due to errors in ET data. Table 1 lists all mod-
els used and afﬁliations responsible for the model development.
Data for two future emission scenarios were selected (i) RCP2.6,
a low emission scenario, and (ii) RCP8.5, a high emission scenario
(see IPCC (2013) for details). For each model and emission scenario
we computed area-weighted averages for T, P, ET and R. We also
computed ensemble mean averages and standard deviations for
the historical periods of 1961–1990, 1961–1980 and 1986–2005
as well as the future periods of 2010–2039 and 2070–2099.
To evaluate the performance of individual CMIP5 models, their
output was ranked based on agreement with observed values for
the period 1961–1990, as well as agreement with the magnitude
of change between the periods 1961–1980 and 1986–2005. More
speciﬁcally, a model was assigned rank 1 with respect to a speciﬁc
parameter if its parameter value showed the lowest difference
from the observed value among all models. Analogously, the model
with the highest difference among the 22 models was assigned
rank 22 (see e.g. Bring and Destouni, 2013). The ranking was
performed for each parameter, and overall model ranks were
assigned based on average rank for all parameters.
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Fig. 2. Long-term patterns in mean annual (a) temperature (T), (b) precipitation (P),
evapotranspiration (ET), and runoff (R) for the period 1938–2009 in the Selenga
River Basin. Dashed lines indicate annual values and solid lines indicate 10-year
running averages. Runoff is monitored at Mostovoy gauging station (see Fig. 1 for
location).
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Fig. 3. (a) Changes in daily discharge (Q) pattern over the year for the periods
1938–1961, 1962–1985 and 1986–2009, and temporal pattern of (b) minimum and
(c) maximum daily Q within a year for the period 1938–2009 at the Mostovoy
gauging station (see Fig. 1 for location). Linear trend lines (in black solid lines),
annual values (in blue and red dashed lines) and 10-year running averages (in blue
and red solid lines) are shown. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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3.1. Observed hydro-climatic changes
There has been an observed increase in mean annual T in the
Selenga River Basin by 1.6 C or 0.022 C/year during the consid-
ered historical period 1938–2009 (based on 10-year running aver-
ages; Fig. 2a). This is almost twice as much as the global average
warming rate of 0.012 C/year (0.72 C increase during the period
1951–2012; IPCC, 2013). The difference in considered periods in
this study (1938–2009) and in IPCC (2013; 1951–2009) should
be noted. Moreover, the warming rate of the Selenga River Basin
was about two times higher during the latest 20-year period
(1989–2009; 0.048 C/year) than during the whole 72-year period
(0.022 C/year; Fig. 2a), which is in agreement with the global pat-
tern of increased warming rates during this period (IPCC, 2013).
Furthermore, the periods during which T is above the water freez-
ing point have become longer in recent years. For instance, the
10-year running average T of April has been above 0 C since 1992.
Uncorrected CRU-data on average P of the historical 1961–1990
period was on average 26% lower than the corresponding CMIP5
ensemble mean P. Correction of P for undercatch resulted in a cor-
rected P that was 15% lower than the modelled CMIP5 ensemble
mean (Fig. S2 in Supplementary Information). However, correction
of P for both undercatch and orographic effects resulted in a
corrected P that was 18% higher than the modelled CMIP5ensemble mean (Fig. S2). In the following sections, presented
detailed results are based on P-data corrected for undercatch only,
in order to keep biases related to overcorrection of data as small as
possible. We note however that our conclusions are robust with
regard to choice of P-correction method.
The annual mean values of the water balance components P, ET
and R, exhibit relatively small temporal changes during the histori-
cal period (Fig. 2b). For instance, although there is some variation,
there is no consistent trend in R on longer (multi-decadal) time-
scales. However, R has slightly decreased since 1990. The 10-year
running average reaches its minimum value at the end of the inves-
tigation period (Fig. 2b). Comparing the two 20-year periods of
1961–1980 and 1986–2005, the annual mean P and ET both
increased with 7.8 and 9.1 mm, respectively, resulting in an insig-
niﬁcant R decrease of 1.3 mm. Considering absolute values, the larg-
est part of P (85%) is lost through ET. This is in agreement with an
independent estimate of the ET/P ratio being 81% in the Mongolian
part of the basin for the period 1988–1992, where ETwas estimated
with the Penman–Montieth method (Ma et al., 2003).
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Fig. 4. Observed mean values for the period 1961–1990 (in red) and CMIP5 ensemble means for the periods 1961–1990, 2010–2039 and 2070–2099 (in blue) for (a)
temperature (T), (b) precipitation (P), (c) evapotranspiration (ET) and (d) runoff (R). The future projections are under the high emission scenario RCP8.5. Error bars around blue
bars indicate standard deviation around the multi-model ensemble mean. Error bars around red bars indicate standard deviation of annual ﬂuctuations. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
CMIP5 models used in the hydro-climatic assessment.
No. Model name Institute
1 BNU-ESM College of Global Change and Earth System Science, Beijing Normal University
2 CCSM4 National Center for Atmospheric Research
3 CNRM-CM5 Centre National de Recherches Météorologiques/Centre Européen de Recherche et Formation Avancée en Calcul Scientiﬁque
4 CSIRO-Mk3-6-0 Commonwealth Scientiﬁc and Industrial Research Organization in collaboration with Queensland Climate Change Centre of Excellence
5 CanESM2 Canadian Centre for Climate Modelling and Analysis
6 FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences and CESS, Tsinghua University
7 FIO-ESM The First Institute of Oceanography, SOA, China
8 GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory
9 GFDL-ESM2G NOAA Geophysical Fluid Dynamics Laboratory
10 GISS-E2-H NASA Goddard Institute for Space Studies
11 GISS-E2-R NASA Goddard Institute for Space Studies
12 IPSL-CM5A-LR Institut Pierre-Simon Laplace
13 IPSL-CM5A-MR Institut Pierre-Simon Laplace
14 MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of Tokyo), and National
Institute for Environmental Studies
15 MIROC-ESM-
CHEM
Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of Tokyo), and National
Institute for Environmental Studies
16 MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology
17 MPI-ESM-LR Max-Planck-Institut für Meteorologie (Max Planck Institute for Meteorology)
18 MPI-ESM-MR Max-Planck-Institut für Meteorologie (Max Planck Institute for Meteorology)
19 MRI-CGCM3 Meteorological Research Institute
20 NorESM1-ME Norwegian Climate Centre
21 Bcc-csm1-1 Beijing Climate Center, China Meteorological Administration
22 Bcc-csm1-1-m Beijing Climate Center, China Meteorological Administration
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mented and potentially opposing land-use trends in the basin.
For instance, in the Mongolian upper parts of the basin, the arable
land showed a general decrease between the early 1990s and
around 2005 (Priess et al., 2011). After that, the arable land has
expanded and the proportion of irrigated ﬁelds has also increased.
However, even in the parts of Mongolia that have the most intense
agriculture, the arable land covers only a very small proportion
(around 4%; FAO, 2014) of the Mongolian part of the basin and is
therefore likely to have a minor inﬂuence on R generation, in par-
ticular since irrigation is not well developed in absolute terms. In
the Russian part of the basin, the area of arable land has decreased
since the 1980s, however also in this case the irrigation water useis relatively low and the change concerns a relatively small part
(3%; Bazhenova and Kobylkin, 2013) of the forest-dominated basin.
In contrast, forestry is increasing in the Russian part of the basin
(Bazhenova and Kobylkin, 2013). Overall, whereas there are no
obvious correlations between land use change and observed R var-
iation Fig. 2b indicates that the period of slightly higher R around
the 1990s coincides with a period of higher P.
The observed average annual Q of the Selenga River at Mostovoy
gauging station is about 855 m3/s for the period 1938–2009. During
the cold period, between November and March, most rivers in the
basin are frozen and observed Q is small, around 80–100 m3/s.
The largest Q in the Selenga River is observed in August, when it
reaches over 2000 m3/s (Fig. 3a). The observed decrease of Q in
1958 R. Törnqvist et al. / Journal of Hydrology 519 (2014) 1953–1962recent years is largely due to decreased peak discharges during
summer (Fig. 3a). However, the winter base ﬂow has increased.
Therefore, there is an overall temporal increase in minimum annual
Q and a decrease in maximum annual Q (no signiﬁcant linear
regression coefﬁcients; Fig. 3b and c), resulting in a decreased
intra-annual variability. Results of detailed process-based
numerical simulations have indicated such decrease as an expected
hydrological change impact of permafrost thaw in a warming
climate (Frampton et al., 2011).
More generally, observations show that the changes in the main
hydro-climatic parameters differ between winter, spring, summer
and autumn, as here exempliﬁed for average seasonal changes in
T, P, R and P–R (reﬂecting change in ET and/or in storage) between
the periods 1961–1985 and 1986–2009 (Fig. S3 of Supplementary
Information). The largest and smallest seasonal T increases
occurred in winter (1.32 C) and autumn (0.85 C), respectively.
The largest P increase has occurred in spring, whereas summers
and winters show only small increases in P (on the order of
1 mm). By contrast, P has decreased in autumn. Furthermore, R
(derived from observed Q; Fig. 3a) has decreased during all seasons
except winter. The largest decrease in R is shown during summer.
Taken together, increased P and decreased R during spring and
summer implies largely increased P–R during those seasons, which
must be due to increased ET or increased water storage, for
instance in groundwater, or a combination of both. By contrast,
in autumn the decrease in P is much larger than the decrease in
R, which implies decreased ET and/or storage.
3.2. CMIP5 model output versus historical observations
Fig. 4 shows observed historic mean values of the Selenga River
Basin’s T, P, ET and R (red bars; left hand side) compared to the
CMIP5 multi-model ensemble mean of historical (left hand side;
blue bars) and future (right hand side) projections under a high
emission scenario. For the historical period 1961–1990, the CMIP5
ensemble mean overestimates the observedmean Twith 0.3 C, the
undercatch corrected P with 15%, ET with 6% and R with 24% (left
hand side in Fig. 4a–d). The ensemble mean, and the majority of
the 22models overestimate the observed T (14models), P (18mod-
els), ET (15 models) and R (15 models; Table 2; Fig. S4 in Supple-
mentary Information). With regard to change, Fig. 5 shows that
the ensemble mean of modelled change in P (DP) is greater than
the observed change, while the modelled DET is smaller than the
observed from water balance closure. This yields a modelled
increase in the ensemble mean R between the two periods (positive
DR) in contrast to the observed slight decrease in R (negative DR,
Fig. 5). Only eight models of 22 reproduced the observed slightly
negative DR (with an overestimation of the negative DR; Table 2).
Table 3 shows ourmodel ranking of how close CMIP5 predictions
are to observed absolute values considering the period 1961–1990,
and how close CMIP5 predictions are to observed change consider-
ing differences between 1961–1980 and 1986–2005. The bestTable 2
Assessment of individual CMIP5 models ability to model observed mean absolute value
observations, and (2) underestimate observations, and changes between the 1961–1980 a
direction of change but overestimate observations, (4) which model the observed direction
trend than observed for temperature (T), precipitation (P), evapotranspiration (ET) and ru
Absolute values 1961–1990
(1) No. models which overestimate observations
(2) No. models which underestimate observations
Change between 1961–1980 and 1986–2005
(3) No. models which overestimate observations, with same direction as the observe
(4) No. models which underestimate observations, with same direction as the observ
(5) Different direction of change than observedoverall model performance (all parameters considered), with small-
est average difference in absolute parameter values, was shown by
bcc-csm1-1 (model number 21). In reproducing observed change,
MPI-ESM-LR (model number 17) performed best. However, another
model (GISS-E2-R, model number 19) performed best in reproduc-
ing the observed R, and yet another (MRI-CGCM3, model number
11) performed best in reproducing the observed DR (Table 3); the
latter model; however, yielded wrong directions for both DP and
DET (Fig. 5).
Furthermore, the two best ranked models with regard to abso-
lute parameter values (model number 21 and 19; Table 3) failed to
reproduce the observed direction of change in R (i.e., the negative
DR; this is also true for the above mentioned model number 17).
Model number 21 yields also opposite direction of DET than
observed, whereas model number 19 yields opposite direction of
DP (Fig. 5b). Overall, Fig. 5 shows the difﬁculty of the CMIP5 model
ensemble to accurately reproduce, both absolute values and
changes of each and across all hydrological variables, even for
the best performing models.3.3. Projection of future changes
Under a high emission scenario (RCP8.5; Fig. 4), the mean
annual T of 2.5 C for the period 1961–1990 could increase to
as much as 3 C for 2070–2099 (Fig. 4a). Such a shift from negative
to positive mean annual T should be expected to yield further per-
mafrost thaw in the future. The magnitudes of P, ET and R are
expected to increase in the future (Fig. 4b–d). However, especially
the projected future R is uncertain due to its small projected
increase relative to the large differences among individual model
results, as shown by the large standard deviation (error bars) in
Fig. 4d.
The future scenarios of low emissions (RCP2.6) and high emis-
sions (RCP8.5) yield similar projections of T, P, ET and R for the per-
iod 2010–2039 (Fig. S5 in Supplementary Information). For
instance, the two scenarios are projected to yield T increases of
between 1.6 and 1.9 C and P increase of 6.5%. The discrepancy
between the low and high emission scenarios increases for the
more distant future period of 2070–2099, for which the projected
values of DT, DP, DET and DR for the high emission scenario are
more than twice those for the low emission scenario (Fig. S5).4. Discussion
4.1. Observed hydro-climatic changes
The considerable T change (warming) of 0.022 C/year for the
Selenga River Basin (1938–2009) is almost twice as high as the glo-
bal mean warming, but in the same range as the warming of other
regions in Central Asia. For instance, the Aral Sea Drainage Basin
has a warming rate of 0.015 C/year (for the period 1901–2002;s for the 1961–1990 period in terms of number of models: (1) which overestimate
nd 1986–2005 periods in terms of number of models (3) which model the observed
of change but underestimate observations, and (5) which model different direction of
noff (R).
T P ET R
14 (64%) 18 (82%) 15 (68%) 15 (68%)
8 (36%) 4 (18%) 7 (32%) 7 (32%)
d change 4 (18%) 11 (50%) 10 (45%) 8 (36%)
ed change 18 (82%) 4 (18%) 5 (23%) 0 (0%)
0 (0%) 7 (32%) 7 (32%) 14 (64%)
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Fig. 5. Observed and modelled (a) temperature change (DT) and (b) precipitation change (DP), evapotranspiration change (DET) and runoff change (DR) between 1961–1980
and 1986–2005. CMIP5 multi-model ensemble means and best ranked models for (i) modelling absolute values for the period 1961–1990 based on average best rank for all
parameters (model nr 21 bcc-csm1-1) and for R (model nr 19 MRI-CGCM3) and (ii) modelling change between 1961–1980 and 1986–2005 based on average best rank for all
parameters (model nr 17 MPI-ESM-LR) and for DR (model nr 11 GISS-E2-R), are shown. Error bars indicate: (i) 80% conﬁdence intervals for the observed annual change
between the periods (see details on calculations in Asokan and Destouni, 2014) and (ii) standard deviation around the multi-model ensemble mean.
Table 3
Ranking of the considered CMIP5 models regarding their ability of modelling the observed temperature (T), precipitation (P), evapotranspiration (ET), runoff (R) and average and
overall rank considering all four parameters, based on (i) mean values for the period 1961–1990 and (ii) change between 1961–1980 and 1986–2005. Best ranked model for each
category is marked in bold.
Model Rank of modelling absolute values Rank of modelling change
T P ET R Average Overall rank DT DP DET DR Average Overall rank
1 BNU-ESM 1 22 18 9 12.5 11 12 18 18 20 17.0 16
2 CCSM4 7 14 16 4 10.3 7 7 16 9 17 12.3 11
3 CNRM-CM5 19 9 1 16 11.3 8 8 7 11 2 7.0 2
4 CSIRO-Mk3-6-0 10 8 22 5 11.3 8 13 2 22 16 13.3 14
5 CanESM2 14 11 19 8 13.0 12 2 9 17 6 8.5 4
6 FGOALS-g2 22 2 3 13 10.0 6 5 10 10 9 8.5 4
7 FIO-ESM 15 21 2 22 15.0 14 9 12 2 18 10.3 7
8 GFDL-CM3 6 10 17 3 9.0 5 19 3 3 4 7.3 3
9 GFDL-ESM2G 5 3 14 11 8.3 4 1 20 21 5 11.8 10
10 GISS-E2-H 20 5 15 17 14.3 14 21 8 14 3 11.5 9
11 GISS-E2-R 18 1 13 15 11.8 10 17 14 15 1 11.8 10
12 IPSL-CM5A-LR 17 18 4 21 15.0 14 3 17 13 19 13.0 13
13 IPSL-CM5A-MR 8 16 6 20 12.5 11 4 21 6 22 13.3 14
14 MIROC-ESM 13 20 21 19 18.3 16 15 5 7 14 10.3 7
15 MIROC-ESM-CHEM 11 19 20 18 17.0 15 11 13 4 12 10.0 6
16 MIROC5 21 4 9 7 10.3 7 10 11 19 10 12.5 12
17 MPI-ESM-LR 12 17 12 14 13.8 13 6 4 1 15 6.5 1
18 MPI-ESM-MR 16 13 8 10 11.8 10 20 22 20 21 20.8 17
19 MRI-CGCM3 3 7 11 1 5.5 2 16 19 5 7 11.8 10
20 NorESM1-ME 9 15 10 12 11.5 9 22 15 16 11 16.0 15
21 Bcc-csm1-1 2 6 5 2 3.8 1 14 1 12 8 8.8 5
22 Bcc-csm1-1-m 4 12 7 6 7.3 3 18 6 8 13 11.3 8
R. Törnqvist et al. / Journal of Hydrology 519 (2014) 1953–1962 1959Jarsjö et al., 2012) and the Predbaikalie area north of Lake Baikal
has a warming rate of 0.039 C/year (for the period 1960–2000;
Voropay et al., 2011). The increased T in the Selenga River Basin
implies that the surface thaw index has increased (cumulative
degree-days per year over 0 C; Wu et al., 2011). Furthermore,
relatively sparse point data from monitoring of boreholes in the
Mongolian part of the Selenga River Basin show permafrosttemperature increase of 0.01–0.03 C/year, and increase of active
layer extent of 0.1–0.6 cm/year (Sharkhuu, 2003; Zhao et al., 2010).
The present Q analysis of the downstream Selenga River shows
a decreased intra-annual variability of Q, with decreased peak ﬂow
and increased base ﬂow. This has been indicated by simulations as
a clear hydrological change impact of permafrost thaw (Frampton
et al., 2011) and has been found also in basin-scale studies of
1960 R. Törnqvist et al. / Journal of Hydrology 519 (2014) 1953–1962permafrost thaw impacts on hydrology (Karlsson et al., 2012). This
study thus supports regional point observations of permafrost
degradation by Sharkhuu (2003) and Zhao et al. (2010) and sug-
gests that such changes may prevail across the whole basin. Such
a basin-scale degradation of permafrost could change transport
pathways of water and waterborne pollutants (Bosson et al.,
2013) in addition to increasing the active layer depth and ground-
water contributions to stream ﬂow (Smith et al., 2007).
Our results further show a slight decrease of observed mean
annual Q since 1990, which is largely due to decreased peak
discharge during summer (Fig. 3). Such decreased Q peaks and
average Q may have large inﬂuence on sediment transport. In con-
sistency, monitored long-term sediment transport patterns in the
lower Selenga River (Mostovoy gauging station) indicate progress-
ing decrease of sediment loads since the 1970s (Chalov et al.,
2014). Since the sediments in many cases contain relatively high
metal concentrations from, e.g., mining operations (Thorslund
et al., 2012), shifts in sediment transport patterns from altered
hydrology within the Selenga River Basin may also inﬂuence the
heavy metal loading to Lake Baikal. Above-discussed historical
trends hence suggest lower loads of metals in recent years, all
other conditions equal.4.2. CMIP5 model output versus historical observations
For the period 1961–1990, the CMIP5 multi-model ensemble
mean overestimates all hydro-climatic variables: T with 11%, P
with 13%, ET with 6% and R with 24%. In contrast, in the largest
basin in Central Asia, the Aral Sea Drainage Basin, the modelled R
is overestimated as much as 600%, which is largely because most
GCMs neglect the ET-increasing and thereby R-decreasing effects
of intense irrigation (Destouni et al., 2010; Törnqvist and Jarsjö,
2012; Jarsjö et al., 2012; Asokan and Destouni, 2014). In the
Selenga River Basin, hydrological effects of water use including
intensiﬁed agriculture are much less pronounced, and conditions
are therefore closer to natural ones, as assumed by the GCMs.
Most CMIP5 models and their ensemble mean failed to repro-
duce the historical decrease in R of the Selenga River Basin
between the two 20-year periods 1961–1980 and 1986–2005. This
raises the question of whether or not results could be improved by
extending or reﬁning the CMIP5 models’ process descriptions, in
analogy with the more obvious example of accounting for irriga-
tion effects on ET and R in the Aral Sea drainage basin. For instance,
the CMIP5 models do not include all processes needed to capture
permafrost change and its impact on hydrology (IPCC, 2013). Anal-
yses of Slater and Lawrence (2013) and Koven et al. (2013) showed
large discrepancies between CMIP5 models in simulating the cur-
rent permafrost extent and its historical changes. The accuracy of
land surface models was thus identiﬁed as a key limitation. In
addition to the above-discussed decrease in intra-annual Q vari-
ability, the observed slight decrease in average Q and R even
though P has increased in the Selenga River Basin may also be
indicative of increased groundwater recharge associated with per-
mafrost thaw (Hinzman et al., 2005; Smith et al., 2007; Bosson
et al., 2012).4.3. Projection of future changes
Future climate projections by the CMIP5 models under the
RCP8.5 high-emission scenario converge on indicating large
increase in T, by as much as 5 C until the end of the century
(2070–2099; Fig. 4a). Continued permafrost thawing in the Selenga
River Basin is hence likely throughout the century. Globally, by the
end of the 21st century, the permafrost extent is projected to
decrease by 80%, and discontinuous permafrost is expected tovanish completely due to increased T under the RCP8.5 scenario
(Slater and Lawrence, 2013).
In contrast to the T results, a large spread in ensemble results of
the CMIP5models shows considerable uncertainty in projections of
future changes in all water balance components (DP, DET and DR),
and particularly high uncertainty for DR. Even though most indi-
vidual models as well as the CMIP5 ensemble mean result indicate
an increased R in the future, this R increase is much smaller than
the spread in individual model results. If it actually occurs; how-
ever, such a future R increase may, for instance, imply increased
transport of (contaminated) sediments through the river systems
of the Selenga basin to Lake Baikal (e.g., Chalov et al., 2014).
The highly uncertain projections of increased R in the future
may be a result of model-related artefacts that inﬂuence model
results for both the past and the future. More generally, there are
many examples for different world regions of the difﬁculty of glo-
bal models to accurately model water changes in the landscape
(e.g., Bring and Destouni, 2011, 2013, 2014; Jarsjö et al., 2012;
Fry et al., 2014). There is therefore a need for more accurate consid-
eration of landscape-internal drivers and effects of hydrological
change, such as permafrost thaw and/or changes in land use and
water use, either in special hydrological modules of GCMs or in
external hydrological models connected to GCMs.
5. Conclusions
– In the major Selenga River Basin within the Lake Baikal drainage
basin, T has increased by almost twice the global average warm-
ing rate during the historical period 1938–2009.
– An observed decreased intra-annual variability of Q, evident in
decreased peak ﬂow and increased base ﬂow during the period
1938–2009, is indicative of basin-scale permafrost thaw.
– CMIP 5 ensemble projections imply continued T increase, by as
much as 5 C until the end of the century (2070–2099). Perma-
frost thaw in the Selenga River Basin is hence also likely to con-
tinue throughout the century.
– Observed changes in the mean annual water balance compo-
nents P, ET and R between 1961–1980 and 1986–2005 were rel-
atively small. However, R has decreased since 1990, which is
consistent with independent observations of decreased riverine
sediment loads.
– However, half or more of the CMIP5 models and the multi-
model ensemble mean overestimate the historical increase of
P and underestimate or fail to yield an increase of ET (Table 2).
As a consequence, a majority (64%, Table 2) of the models and
their ensemble mean fail to reproduce the historical R change
behaviour in the Selenga River Basin.
– Not even the overall best performing individual models could
accurately reproduce observed water balance changes, and the
multi-model ensemble mean should be preferred over individ-
ual model selection in assessment of future hydrological trends.
– Most individual models as well as the CMIP5 ensemble mean
result indicate increased R in the future, but this is subject to
particularly high uncertainty as the indicated future R increase
is small and there are large differences among individual model
projections. Since many CMIP5 models fail to reproduce the his-
torical R change behaviour, projections of increased R in the
future may be a result of model-related artefacts.
– In general, there is a large spread in the CMIP5 ensemble results
regarding future changes of all water balance components (DP,
DET and particularly so for DR), indicating considerable uncer-
tainty in change projections for water in the landscape. This
implies that large-scale climate and GCMs need to more accu-
rately account for hydrological effects of landscape-internal
changes in ambient conditions, such as thawing permafrost
and changes in land use and water use.
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